The problem of actively isolating the periodic vibrations of a rigid machine mounted on a supporting flexible structure is usually approached by applying the active inputs in parallel or series with the passive inputs. This has a number of disadvantages which are related to the development of a high power, compact yet stiff/active isolation unit. In this experimental work, a new approach in which the receiving structure is considered to have adaptive properties is studied. The aim is to control the transmitted vibrations by distributed arrays of piezoelectric transducers bonded to the receiving structure. The experimental rig consists of a rigid thick plate (the machine) supported at the corners by four elastic springs mounted on a thin clamped-free elastic steel plate (the receiving structure). The thick plate is driven by a harmonic force input. Response in the receiving panel is measured with a scanning laser vibrometer. Active inputs to the receiving structure are induced by three pairs of piezoceramic actuators bonded to the surface and configured to induce bending. The error sensors consist of up to two polyvinylidene fluoride (PVDF) strips attached to the panel surface in various positions. The control approach uses a two channel feedforward adaptive LMS algorithm implemented on a TMS320C25. The results show that the first three modes of the system can be controlled efficiently when driven "on resonance," thus effectively isolating the vibrating structure from the "machine" raft input. However, when the system is driven "off resonance," the vibrations of the receiving structure proved more difficult to reduce effectively. The paper presents vibration distribution of the receiving plate with and without control for a number of input frequencies as well as a variety of control transducer configurations.
INTRODUCTION
The problem of isolating the periodic vibrations of a rigid machine mounted on a supporting flexible structure was solved in the past by using a passive approach, which was shown to be inefficient at low frequencies. Advances in electronics, digital signal processors, and control theory suggest the possibility of using active or combined active-passive techniques. These techniques provide better results at low frequencies. An overview of the present active techniques of vibration isolation has been presented by Von Flotow. • Active inputs are usually applied either in parallel or in series with the passive inputs. This has a number of disadvantages that are related to the development of high power, compact, yet stiff passive-active isolation units. Nelson et al. 2 implemented a multiple parallel active-passive mounting system. The resulting isolation system was shown to be especially effective at resonant frequencies of the supporting structure. However, in cases of off-resonant frequencies, considerable care has to be taken to prevent an increase of the vibration level. Other experiments on the same kind of rig (activepassive mounting system) have been conducted by Lefebvre to provide information on structural vibrations to the control system. This type of sensor has been shown to be relevant, even though the effectiveness of the control itself is highly dependent on the location of these sensors. In Lefebvre's experiment as in that of Nelson et al., a high attenuation level was obtained for on-resonance excitation but poor results were obtained for off-resonance frequencies.
In the experiment described here, a different approach to vibration isolation is studied. The aim is to control the transmitted vibrations by distributed arrays of piezoelectric transducers. These transducers are bonded to the supporting structure, and hence become an integral part of it. This type of structure is labeled "adaptive structure" because the actuators can change the system properties in a controlled manner. Distributed PVDF piezoelectric strips attached to the receiving structure in various positions are used as error sensors. They provide the error signals to be reduced during the control process. The controlled structure then results from the combination of both sensors and actuators integrated with the supporting structure. The control approach uses a two-channel feedforward adaptive LMS algorithm implemented on a TMS320C25. The principle of the active control technique is to minimize the error signals emitted by the sensors by applying control signals through the secondary active sources, which are the piezoelectric actuators.
In conducting the tests, different cases were studied for isolating vibrations due to a disturbance for both on-and off-resonance frequencies. In addition, the number of control channels was varied to illustrate the advantages of distributed control.
I. EXPERIMENTAL SETUP
The experimental setup, shown in Fig. 1 
where dt(n ) is the /th error sensor output due to the input excitation alone, x(n) is the input reference source, Wmi are the coefficients of the adaptive FIR filters and Plmj is the jth coefficient of the transfer function between the output of the rnth adaptive filter and the /th error sensor. M and N are, respectively, the number of control actuators and filter coefficients. In the LMS algorithm, the error function is defined by the mean square error signal; i.e.,
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Reference Signal At each sample time n, the outputs of the compensating filters P lrnj are used by the LMS algorithm to minimize J by individually updating each of the adaptive filter coefficients according to the relation
Wmi(nq-1)=Wmi(rt)--lZ• el(rt)rlm(rt--i), (4) /=1
where the outputs of the compensating filters P lmj are 
III. EXPERIMENTAL PROCEDURE
A modal analysis was first performed in order to determine the resonant frequencies of the system. First, a "tap test" was conducted on the receiving plate (without the springs and the top plate) to verify if the clamped-free boundary conditions were modeled. Table I presents the six first theoretical (computed from Leissa 7) and experimental resonant frequencies of the receiving plate. It can be seen that measured resonant frequencies agree well with the theoretical ones. Table I also shows the expected mode shapes corresponding to these resonant frequencies.
When the thick top plate is attached by the four springs to the receiving plate, only the symmetric-symmetric and antisymmetric-symmetric modes, which do not have a nodal line passing through the attachment location of the springs, can be excited by the driving shaker. This is due to the sym- Table I . Then, when the receiving plate is coupled with the top plate, the global modal characteristics still match with those of the clamped-free plate. For the tests, it was decided that the control be applied for these three resonant frequencies and for an arbitrary offresonance frequency of 85 Hz.
The test procedure was identical for both on-and offresonance cases. Before applying the control, the out-ofplane velocity response of the receiving plate was measured with a scanning laser vibrometer to identify the shape of the response of the excited receiving structure. The advantage of using a scanning laser vibrometer is that it does not interfere with the system response. After obtaining measurements for the uncontrolled case, the filtered-X LMS algorithm was invoked, and the system was controlled via the piezoelectric actuators, using error information from the PVDF sensors. Upon converging to the minimum response, structural measurements were again obtained using the laser vibrometer. After obtaining these measurements, the uncontrolled and controlled responses were compared. The control effective- In the legend of the figures and tables comparing results, "C#" indicates the respective piezoelectric actuator used in the control implementation, and "S#" indicates the chosen PVDF error sensor.
IV. RESULTS
For all the tests conducted, the results of the control effectiveness, the top plate amplitude variations and the various configurations for the sensor and actuator positions are summarized in Table II and Fig. 3, respectively. For the first set of experiments, the top plate is excited at a frequency of 38.5 Hz corresponding to the first mode of the receiving plate. Due to the response of the receiving plate, the PVDF sensors need to be positioned parallel to the freeboundary conditions so that the sensors can give information about the mode shape to the controller. Figure 3 shows the configuration of actuators and sensors. Before control is applied, the mode shape of the supporting plate as shown in Fig. 4(a) corresponds to the one expected (as described in Table I The third set of experiments corresponds to an excitation frequency of 176 Hz. In this particular case, the receiving plate vibrates such that two nodal lines are positioned parallel to the free-boundary conditions as observed in Fig. 6(a) . Then, the PVDF sensors can be placed either perpendicular or parallel to the free-boundary conditions, as the vibratory motion is no longer invariant in both the parallel and perpendicular directions to the free-boundary conditions. For one channel of control, even though the output voltage from the PVDF sensor is reduced by 11 dB and the top plate vibrations are decreased (0.2 dB), the receiving plate vibrations are slightly increased and distorted near the actuator position. However, the global vibration pattern was unchanged [i.e., (1,3) mode]. As in the previous case at 106 Hz, it was noticed that the curvature of the receiving plate was reduced on the sensor surface, which leads to an attenuation of the PVDF sensor output voltage. This again shows the importance of the choice for the PVDF locations with respect to the actuator positions, because, as noted previously, the output voltage of the PVDF strip can be driven to zero by the control actuator without implying the out-of-plane vibratory motion to be zero. This also shows that as the frequency is increased and the mode shape becomes more complicated, the number of PVDF sensors has to be increased as well in order to provide enough information to the controller about the vibrational distribution of the receiving plate. As a matter of fact, when two control channels are used, as shown in Fig.  6(b) , high attenuation of vibrations levels (14 dB) in the receiving structure is obtained with no effect on the top plate vibrations.
The last set of experiments is related to an off-resonance frequency of the system, 85 Hz. At this frequency, the receiving structure response is between its second and third resonance modes. It can be observed in Fig. 7(a) that the second mode is dominant as a nodal line parallel to the clamped edges is located close to the center of the receiving plate. tion amplitudes are nonzero. The vibration distribution when the control is applied is presented in Fig. 7(b) . It can be seen that the mode shape under control becomes more complex implying contribution from several modes. Two nodal lines corresponding to the diagonals of the receiving plate can be observed. As a result of the location of the nodal line accross the surface covered by each PVDF sensor, the response of both sensors is well attenuated. The amplitudes of the vibrational response under control have been increased in the region where the actuators are located and decreased elsewhere. This phenomenon was also observed in Ref. 8. Then it seems that, in this case, the control of the supporting structure vibration is obtained by modal restructuring, as modal vibration amplitudes are increased in some regions but the phase between the modes induces large attenuation of the sensors output signal. It can be supposed that, in order to obtain larger decrease of the global vibration amplitudes, the number of control channels has to be increased or the position of the sensors and actuators has to be optimized.
v. CONCLUSIONS
Active isolation of vibrations transmitted from a rigid machinery raft to a flexible adaptive receiving structure has been experimentally studied. The adaptive process is achieved by distributed piezoelectric actuators and PVDF sensors directly integrated with the receiving structure. Control "intelligence" is provided by an adaptive LMS approach.
The experimental results show that efficient active isolation of vibrations is easily obtained using this technique for on-and off-resonance cases. Large improvement is achieved by increasing the number of PVDF error sensors and the number of piezoelectric actuators usdd in the control process.
The control of the supporting structure vibrations has been obtained by modal reduction, as the modal vibration amplitudes are attenuated in the control process, or by modal restructuring, as the modal amplitudes are increased at some locations but the phase between the modes induces attenuation of the sensors output signal.
In achieving control, strips of PVDF distributed on the surface of the supporting structure were implemented as error sensors. The control effectiveness has shown an important dependance on PVDF sensors, as the output voltage of the PVDF strip can be driven to zero in the control process, even though the out-of-plane vibration amplitudes are not well attenuated or are increased. This problem is avoided by implementing two channels of control (two piezoelectric actuators and two PVDF strips). 
